Introduction
Cornea presents a deceptively simple picture. It is a transparent structure that looks much the same in all sighted animals, and throughout life; a window that helps focus light on the back of the eye. It is a typical connective tissue (the dry weight consists mainly of collagen and proteoglycans) -but it also contains much water ( -80% of wet weight e.g. [ 11) .
In essence it is a slice of water, stabilized in three dimensions by a meshwork of fibrils and soluble polymers. The subtleties lie in the way this is done.
David Maurice [2] pointed out that the fibrils had to be arranged in a very orderly way for transparency, and that their separations were critical if 'visible' light was not to be totally refracted. Subsequent studies showed that interfibrillar distances were not only constant across the cornea, but also in the corneas of a large number of different species [3] . Furthermore, the fibrils themselves not only have the same diameter across the cornea but also in the corneas of a large number of species [4] . As a corollary, the volume between the fibrils should also be constant, and since this space contains mainly water, the water content should be constant in different species, and this is also the case [ 11. Hedbys [ S ] elegantly showed that ( a ) the interfibrillar glycosaminoglycan (GAG) had swelling pressure, and ( b ) this pressure was the sum of two contributions, one from chondroitin sulphate (CS) and the other from keratan sulphate (KS). It would also have been possible to conclude from his data that CS and KS were on different molecules, but this point was not appreciated until much later [6] . It was speculated [7] that the interfibrillar proteoglycan (PG) was organized to keep the fibrils apart. This paper will elucidate this relationship.
The proteoglycans
Known as corneal mucoid since the beginning of the century, the alkali-resistant part was recognized as a protein complex by Suzuki in 1939 [8] , who claimed that galactose, acetyl, sulphate and hexosamine were equimolar components of the 'pros- Glycosaminoglycan secondary, tertiary and quaternary structures and their contribution to corneal-stromal ultrastructure
The scheme presented above describes a system of uniform fibrils at regular separations maintained by organized swelling pressure derived from GAGs. This system has lateral, but not longitudinal, stability. T o prevent the fibrils from moving independently along their axes, their associated PGs must interact with each other. This interaction is found to be highly ordered. Electron micrographs of Cupromeronic Hluestained corneas show PG filaments bridging fibrils, indicate GAGS bridging collagen fibrils in longitudinal section, open arrows (-0) point to GAGs spanning the gap between collagen-fibril cross-sections, with a figure inside the arrow indicating the number of fibrils in the bridged array Two bridged fibrils correspond t o the 'basic unit' (see Fig 2) as many as four at a time (Fig. 1) , [ 111) . The possibility that this was an artefact of staining was excluded by 'model' experiments, in which the purified PGs were stained with Cupromeronic Hlue. These showed that the stain acted as a scaffold by helping to maintain the GAG in an extended form, of a length similar to the isolated GAG (J. E. Scott, unpublished work) . Thus at least two GAG chains are aligned end to end in the longer filaments. Similarly, the thickness of the filaments was at least 2-3-fold greater than expected, given the known sizes of the GAG and the stain, suggesting that two or more GAG chains are aligned side by side (J. E. Scott, unpublished work).
The length of the CS(DS)-GAG chains is approximately the same as the centre-to-centre distance between fibrils (J. E. Scott, unpublished work) and many CS(DS) or KS PGs have two glycan chains, which, if they were aligned at 180" to each other, could bridge three fibrils (Fig. 2) . It is unlikely that a stable structure could depend only on the tip of the GAG chain making contact with the fibril. Instead it is proposed that two chains from PG on neighbouring fibrils duplex together, as seen in preparations of rotary-shadowed DS [ 1 1, 121. The result, a linear array, tangential to the collagen fibrils, could link a set of collagen fibrils, to an indefinite distance. Such an array would terminate with a PG with only one glycan chain, and the minimum size (i.e. the basic unit) of such an array would be two mono-glycanated PGs, linking together two neighbouring collagen fibrils through their single glycan chains. The latter structure has been seen in nitro (see Fig. 5 of [ 121) after rotary shadowing, and in the tissue, in which two, three and four fibrils are seen linked together, via one, two or three basic units in stained-cornea electron micrographs (Fig. The PG-protein core is assumed to bind to the collagen fibril, and this is compatible with what is known about the PG-collagen fibril interaction (see [ 141 for a review). Conversely, the pictures of cross-sectioned fibrils (Fig. 1) show that GAG chains make very little contact with them. The duplexed GAGs act as 'ropes', linking the protein cores and hence the fibrils together. This is the first instance of a GAG with swelling pressure which also has a tensile function. 1 ).
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CS(DS) duplexes
As a corollary, it follows that CS(DS) GAG should have a similar role in other mammalian corneas. The lengths of these GAGs should be similar, since fibril centre-to-centre distances are the same in many species [3] . Data on rat, rabbit and cow are compatible with this hypothesis (J. E. Scott, unpublished work) . Corneal CS(DS) is about twice the length of scleral CS(DS) [ 1 11. Scleral-collagen fibrils pack more closely than in cornea, suggesting that CS(DS) may have a 'yardstick' function in all soft, connective tissues.
The role of KS is more difficult to define. KS also bridges fibrils, but it is absent from some corneas [ 11. It is shorter than CS(DS) [ 113. It could span the gap between equators, rather than tangentially (Fig. Z) , and available results are compatible with such a scheme (J. E. Scott, unpublished work).
Glycosaminoglycan complexes
The mechanism of duplex formation has been examined by computer simulation, using molecular dynamics in water, based on secondary structures obtained by n.m.r. and checked by rotary-shadowing-electron microscopy ([ 161, Y. Chen, A. Brass & J. E. Scott, unpublished work, and this meeting Abstract no. 14). HA, CS and KS, having similar 2-fold helices in solution can form both homo-and hetero-duplexes. A great simplification came from the realization that CS and KS were based on the same polymer backbone (Glc /31-3Gal/31-4-), since their shapes and potential interactions were then seen to be almost identical [ 171.
Hydrophobic bonding between hydrophobic patches (Fig. 3 ) probably drives aggregation, opposed by electrostatic repulsion. Chondroitin 4-sulphate (CS4), with high-anionic charge concentrated along the centre line of the polymer, was least able to form duplexes, while chondroitin-6-sulphate (CS6), with anionic groups spread at the periphery,
Scott, unpublished work and Abstract no. 14, this meeting). In the 2-fold-helical form all three GAGs are identical on both faces of the flat, tape-like polymers (ambidextrans?! with no apology to the 'decorin' school), so aggregation can proceed in two directions. A special case is that of under-sulphated CS4, where, if every alternate sulphate-ester group is missing, one face is the same as in chondroitin, while the other face resembles CS4. The former can duplex with HA, CS6 and KS, while the latter cannot, so that aggregation can proceed in only one direction. Under-sulphated CS(DS) forms a large proportion of non-KS GAG in, for example, rabbit and cow cornea. It is not known whether undersulphation is as regular as this model would require. It is therefore particularly interesting that CS-KS complexes are present in cornea [6] . Electron microscopy of stained cornea showed frequent double filaments, which could be identified from their position vis-a-vis the collagen c and d bands as twinned CS(DS) and KS. Moreover, the CEC approach had shown that these GAGs were the least sulphated, i.e. their charge was the lowest of the corneal GAGs [ 181, which is favourable for complex formation, according to the above analysis. This appears to be the first example of heterocomplex formation, in the tissues.
Duplexes and higher-order aggregates must form relatively quickly and they probably dissociate with a decreasing concentration of GAG [ 161. This implies that the structures are mutable, and this further implies that they can reversibly change in response to pressure, tension, etc. The scheme described above has an inbuilt 'yardstick', the length of the CS(DS) GAG, which regulates the spacing of The polymer backbones of CS and W are identical (Gal/lI-4Glc/l1-3), and the hydrophobic areas (cross-hatched) and anionic sites (sulphated, X, and carboxylate in CS6) are in identical positions in space. Historically KS has been written as in (la), with acetyl hexosamine in the corresponding position to that of the CS disaccharide, but (Ib) expresses better the great similarities between CS and KS. (1)
Gal the fibrils; but because of the ability of the GAGs to slide along each other, returning to the position of maximum stability when contacts between them are maximized, there is also reversible elasticity in the structure.
Why two PG families?
The proof by Hedbys [S] The structures of KS and CS, as written for over 30 years, look very different, with galactose 'instead of glucuronic acid in KS (Fig. 3a) . The two polymers have been considered in separate categories. If the KS-repeating disaccharide unit is not chosen to line the acetyl-hexosamines together with those of the repeating disaccharides of HA and CS. but according to the kind of sugar rings present, it can be seen that the two are based on the same polymer backbone ((;lc/31-3Gal/31 -4). Comparison of the secondary structures brings out the similarities even more clearly, with the anionic groups and hydrophobic patches in exactly the same positions in space (Fig. 3) [ 17 I.
The organism is able to produce two almost identical polymers by different metabolic routes.
The key to this apparent redundancy lies in the requirements of the two metabolic pathways. 0, is consumed in the biosynthesis of CS, during the conversion of UDPGlc to UDPGlcA, but not in making UDPGal from UDPGlc for incorporation into KS. Were 0, in short supply, KS could be made without metabolic strain, but CS requires 0, that might ill be spared from keeping the cell alive [ 19, 201. Organ cultures of bovine corneas showed that the uptake of ["'C]glucose into KS, relative to CS, increased in low-0, tension, as the hypothesis predicted (Halduini et aL, unpublished work and Abstract No. 16, this meeting). The effect of low-0, tension is probably mediated via the accumulation of lactate, which suggests that the ratio NAI)/ NADH is crucial in determining the flow of precursors to the GAGs. This ratio allosterically controls oxidation by UDSPGlc oxidase to IJDPGlcA [20] .
This hypothesis is particularly relevant to avascular tissues such as cornea, cartilage and intervertebral disc, which must obtain their 0, by diffusion through the tissue from outside. The longer the diffusion pathways, the lower the ambient Oz tension [21] . The hypothesis illuminates the finding that KS:CS ratios increase with corneal thickness [ 11, and hence with average local-0, tension. Corneas of large animals convert much glucose to lactate, which would probably slow the production of UDPGlcA for incorporation into CS, according
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